Cytotoxic effects of procaine, lignocaine and bupivacaine were investigated on cultures of Chinese hamster lung fibroblasts. Cell growth was inhibited over 24 h exposures with an ED 50 of 0.17% for procaine, 0.07% for lignocaine and 0.02% for bupivacaine. Cell survival (measured as colonyforming ability) was reduced over 24 h exposure with an ED 50 of 0.21% for procaine, 0.09% for lignocaine and 0.06% for bupivacaine. Morphological changes included vacuolation, cell rounding and retraction from the surface on which the cells were growing. Motility was reduced to about 50% of control by lignocaine 0.1%. On removal of the local anaesthetics, cell growth was resumed after about 15 h without evidence of chromosome damage. Corresponding cnanges induced by inhalation anaesthetics are only seen at two to three times the minimal alveolar concentration required for anaesthesia.
De Jong (1977) has written of the remarkable lack of evidence for cytotoxicity of local anaesthetics when used in single doses, and this view is supported by a wealth of clinical experience. However, degenerative changes have been observed following repeated injections of bupivacaine to muscle (Sokoll, Sonesson and Thesleff, 1968; Libelius et al., 1970) , and this raises doubts about the safety of repeated injections used, for example, in pain relief after operation. Prolonged exposure of cell cultures to local anaesthetic agents has shown clear evidence of toxic effects at concentrations which are generally well below those which are used in clinical practice.
Local anaesthetics cause a pronounced reduction in cell growth rate in vitro (Spangberg and Isaksson, 1970; Jackson, 1971; Jackson and Epstein, 1971; Gail and Boone, 1972) . There is also clear evidence that they produce many types of cytotoxic side-effects; these include effects on the cell membranes, such as inhibition of cell fusion (Poste and Reeve, 1972) and effects on cell adhesion and spreading (Giddon and Lindhe, 1972; Rabinovitch and DeStephano, 1974, 1975; Nicholson, Smith and Poste, 1976) . Also reported are effects on cytoskeletal elements, such as microtubules and microfilaments (Fink et al., 1972; Nicholson, Smith and Poste, 1976) , the induction of vacuoles within the cell cytoplasm (Yang, Strasser and Pomerat, 1965 ) and inhibition of cell motility (Gail and Boone, 1972) . There have also been reports of damage to muscle cells caused by single injections of various local anaesthetic agents (Benoit and Belt, 1970, 1972) .
The objects of the present study were to compare the effects of lignocaine, procaine and bupivacaine on growth rate and on the viability of cultured cells, measured by colony-forming ability. By means of time-lapse cinephotomicrography we were able to observe the time course of the effects of lignocaine on the division rate and morphology of these cells.
METHODS

Growth rate and colony-forming ability
Chinese hamster lung fibroblasts were grown in Eagle's medium, as described previously (Sturrock and Nunn, 1975) . Approximately 4-6 x 10 5 cells were seeded into 90-mm plastic Petri dishes and left to attach and increase overnight. Lignocaine or procaine was dissolved in distilled water, the pH of the solution being adjusted to 7.2 if necessary, and the solution filtered for sterilization. Suitable dilutions were made with saline and the required volumes were added to the medium in the dishes. Bupivacaine, being poorly soluble, was dissolved in a large volume of Eagle's medium and filtered; the dishes were then emptied, without disturbing the cells, and refilled with the drug medium in suitable dilutions.
Cells were exposed to local anaesthetic drugs in the medium covering them for 3, 24 and in some cases 48 h. After this time the medium was discarded, the dish was washed with saline and the cells were removed from the plastic surface with trypsin 0.25%.
After 10 min fresh medium was added to inactivate the trypsin and dilute the cells to convenient numbers. The cell suspension was passed through a hypodermic needle to separate the cells, which were counted in a haemocytometer. They were then diluted with fresh medium and seeded into 50-mm plastic Petri dishes in order to grow into colonies for the calculation of colony-forming ability (CFA) as described previously (Sturrock, 1975) .
Extra dishes with an inoculum similar to that of the treated dishes were trypsinized and counted at the start of each experiment; these were used with the final growth figures to calculate the growth rate. Controls were also set up without local anaesthetic agents. It was not possible to obtain repeatable results for growth rate during 3-h exposures, as during local anaesthetic treatment there was very little cell increase during the first few hours.
Morphology
Photomicrographs on 35-mm film were taken of living and of fixed and stained cells, using phasecontrast objectives x 40 or x 100. These photographs were made from cells exposed to lignocaine 0.2% or to procaine 0.1, 0.2 or 0.5%, for a duration of 24 or 48 h. The cells were growing on glass slides lying in Petri dishes and covered with medium containing the anaesthetic.
Time-lapse phase-contrast cinephotomicrography was undertaken, as described by Sturrock and Nunn (1975) , except that the cells were growing in a 40-ml tissue culture plastic bottle for these experiments. A low flow of humidified air with 5% carbon dioxide was passed into the bottle. At the end of a control film of untreated cells for 20 h, the bottle was removed from the stage and the medium replaced with medium containing 0.1% lignocaine HC1. Filming continued on a new field of cells, as it was technically impossible to return to the original field. After a 24-h exposure to lignocaine 0.1% the bottle was again removed, the drug medium was discarded and the cells were washed twice with fresh medium. Five millilitre of fresh medium was then added to the bottle, which was replaced and a new field was filmed to record the recovery period. The microscope objective used was x 10 phase and there was one exposure every 2 min. The resulting film was later examined with a Spectro analysing projector. Numbers of mitoses were counted, in 4-h periods, during the three stages of the film and the appearance of the cells at the end of each 4-h period was noted. The cells were described as rounded-up for division, spread out on the plastic surface, or in an intermediate partly rounded state.
Persistence of local anaesthetic in culture
There was a possibility that the local anaesthetic agents were biotransformed by the cells and this would limit the effective duration of exposure to less than the exposure times which were planned. Therefore medium containing local anaesthetic drug was decanted after prolonged exposure to cells and was found to be indistinguishable in its effects from the same quantity of the local anaesthetic recently added to the medium. It was concluded that biotransformation of the local anaesthetic agents was not an appreciable factor in these studies.
RESULTS
Growth rate
Growth rate in cells exposed to each of the three local anaesthetic agents was depressed in relation to the concentration of the drug ( fig. 1) Cell survival (measured as CFA) Cell survival was also impaired as a linear function of the concentration of the anaesthetics (figs 2, 3). twice as toxic as procaine. Bupivacaine ( fig. 3 ) was effective after 3h, with an ED 50 of only 0.1%. Although increasing the duration of exposure had a very pronounced effect on the action of lignocaine and procaine, it had relatively less effect in the case of bupivacaine.
Mitosis
Cell numbers increased steadily during the 20 h of the control part of the film but, during exposure to lignocaine (0.1 %), there was only one mitosis in 24 h and no increase in cell numbers (figs 4, 5). In the recovery period there was one mitosis in the first 4 h, but from 12 h onwards cell numbers and mitoses increased at normal growth rate until 36 h. After this time growth rate decreased as the surface of the bottle became overcrowded.
Morphology
The major changes seen were vacuolation, cell rounding and retraction from the surface on which they were growing (figs 6,7). At the greater concentrations, cells rounded up and many became detached from the dishes, but on examination only a proportion of these were dead, the remainder being capable of reattachment and entering division. For this reason, when the contents of a high-dose dish were trypsinized and counted, it was necessary to centrifuge the overlying medium, to recover floating cells.
Cells in the film showed the first appearance of vacuolation within 1 h of contact with 0.1% lignocaine ( fig. 7) . Thereafter the vacuoles increased steadily in size and numbers, and the film also showed the progressive disappearance of spread cells ( fig. 7) . Cells rounded up as if for division, but no mitosis occurred and eventually they spread out again. There were also many cells which were contracted, but not circular in shape and in figure 5, these "intermediate" cells were included only in the total counts. During the period of exposure to lignocaine 0.1% cell motility as seen in the film was significantly reduced from a mean distance travelled of 73 yun per 3.3 h (« = 11, SEM = 12.7) to a mean distance of 35 (xm per 3.3 h (n = 13, SEM = 11.6). Exposure to procaine 0.1% for 24 h resulted in more and larger vacuoles than with lignocaine 0.1% ( fig. 6 ). Cells observed after exposure to bupivacaine 0.05-0.1% for 24 h appeared shrunken and contained small vacuoles. Recovery from 24 h exposure to lignocaine (0.1 %) During this phase cell motility returned to normal, but vacuoles were still present in some cells until more than 6 h after the medium change. Two cell deaths were observed between 15 and 16 h after the start of the recovery period, although, at that time, morphology had generally returned to normal appearances and cell division had resumed.
DISCUSSION
Growth rate
Our results for the effect of lignocaine on CH cells are in good agreement with those of Jackson and Epstein (1971) and Jackson (1971) for rat hepatoma cells. The mouse fibroblasts exposed to procaine by Gail and Boone (1972) seem to have been more sensitive than our cells as they reported no cell increase with only 0.07% procaine. Spangberg and Isaksson (1970) had results similar to ours when they exposed HeLa cells or human fetal skin fibroblasts to bupivacaine. Thus it seems that cells from three different muchused lines of rodent cells, one old-established human tumour cell line and one fetal human cell were all very sensitive to suppression of mitosis by the various local anaesthetic agents tested in vitro.
There seems to be little doubt that local anaesthetic drugs are far more toxic to cell growth than are general anaesthetic agents. ED 50 values reported in table I are all of the order of one-tenth of the concentrations in clinical use. This may be contrasted with ED 50 values for the effects of general anaesthetic agents on growth of the same cell line which were, in general, two to three times the minimal alveolar concentration required for anaesthesia (Sturrock and Nunn, 1975) .
Comparison of ED 50 values with concentrations producing equivalent nerve blockade is difficult because relative potencies of local anaesthetics are not well established and relative Cm values (de Jong, 1977) do not seem to accord well with clinical experience. On the basis that lignocaine is twice as potent as procaine and bupivacaine is eight times as potent as procaine (Covino and Vassallo, 1976) , the ratio between the ED 50 and the concentrations used in clinical practice is much the same for all the three local anaesthetic agents which were studied.
It will be noted from figure 4 that recovery of cell division was considerably delayed when the local anaesthetic was withdrawn. This may be contrasted with the rapid commencement of DNA synthesis following withdrawal of halothane, which had prevented the onset of the DNA synthetic phase in synchronized cell cultures (Sturrock and Nunn, 1976) .
Effect on the chromosomes
Cells exposed to concentrations of local anaesthetic agents that allowed some increase in numbers were seen to attempt mitosis, but metaphase was often protracted and ended with the cell spreading out again. In stained preparations (after hypotonic treatment) the chromosomes at metaphase were found to be scattered in the cytoplasm in a form similar to C-mitosis. This suggested that the microtubules of the mitotic spindle had been disrupted, preventing progression to anaphase. Cell cultures that were Downloaded from https://academic.oup.com/bja/article-abstract/51/4/273/244651 by guest on 10 February 2018 examined in the recovery period after removal of the local anaesthetic agent were seen to include many bi-nucleate and multi-nucleate cells, but no damage to chromosomes or polyploidy was seen. It is unlikely therefore, that local anaesthetic agents have any mutagenic effect as a result of chromosome damage.
Cell survival
The appearance of a cell, either under phasecontrast illumination or after fixing and staining, does not necessarily give any indication that it has lost the capacity for survival. Viable cells of the type we have studied invariably proceed to division; therefore loss of colony-forming ability (CFA) is a valid indication of loss of the capacity to survive.
The data in figures 2 and 3 and less than the concentrations which are clinically useful. In this respect, for 24 h exposures, procaine and lignocaine show toxicity almost in proportion to their potency, but bupivacaine is relatively less toxic. ED 50 for reduction of CFA are of the order of onetenth of the clinically useful concentrations of the local anaesthetic agents. This can be contrasted with the inhalation anaesthetic drugs for which ED 50 for reduction of CFA is of the order of three to five times the minimal alveolar concentrations required for anaesthesia, except in the case of trichloroethylene (Sturrock, 1975) .
Morphological changes
The present study has confirmed the formation of vacuoles previously reported by Yang, Strasser and Pomerat (1965) . Although the appearances such as those in figure 6B are bizarre, their significance is unknown. The disappearance of the vacuolated cells shown in figure 7 seems to result from a progressive increase in the number of cells which round up and thereby conceal their internal structure. Rounded cells are not seen in figure 6B because the field was selected to show a maximum number of spread-out cells with vacuoles. It is clear that vacuolated cells can recover when the local anaesthetic drug is withdrawn, and then proceed to division.
Other effects of local anaesthetic agents
Local anaesthetics also cause various metabolic effects in cultured cells, such as depression of oxygen uptake (Fink, Kenny and Simpson, 1968; Spangberg and Isaksson, 1970) and inhibition of synthesis of DNA, RNA and protein (Jackson, 1971) , reduction in phagocytosis and metabolism in leucocytes and inhibition of PHA-stimulated lymphocyte transformation (Cullen, Chretien and Leventhal, 1972; Cullen and Haschke, 1974) .
Overall cytotoxicity of local anaesthetic agents
There is now overwhelming evidence that local anaesthetic drugs produce major toxic effects on several cell functions, including cell division and survival. It is perhaps especially significant that these effects are exerted at concentrations well below those which are used for nerve blocks and infiltration anaesthesia. In contrast, the inhalation anaesthetics exert comparable effects only at concentrations which are substantially greater than those attained during normal anaesthesia.
It is by no means clear how these facts accord with the remarkable clinical safety of the local anaesthetic drugs. For example, continuous sciatic nerve block with very high concentrations of lignocaine, maintained for as long as a week, was followed by a rapid return to normal nerve conduction when the lignocaine was withdrawn (Robert and Oester, 1970; Bisby, 1975) . Admittedly, cell division plays no part in axonal conduction and it would seem that neurones are more resistant to the cytotoxic effects of local anaesthetic agents than are the modified fibroblasts observed in the present study. Nevertheless, it would be reasonable to expect considerable damage to surrounding tissues, as has been reported following repeated injections of bupivacaine into muscles (Sokoll, Sonesson and Thesleff, 1968; Libelius et al., 1970) .
An important safety factor would appear to be the rate at which local anaesthetics are removed from the site of injection, but this does not appear to have been clearly established. Ballard (1968) disappearance of lignocaine from a subcutaneous site using an implanted cell fixed to moist subcutaneous tissue. His results indicated that subcutaneous injections of lignocaine had decreased to 50% of their initial concentrations after about 100 min. This would be generally compatible with the peak blood concentrations obtained after 15 min, which suggests that approximately 10% of a subcutaneous injection has entered the circulation by that time (Scott et al., 1972) . If the half-life of an injected depot is about 100 min, then it follows that cytotoxic concentrations would be maintained for at least 3 h after an injection of 2% lignocaine, even without the addition of adrenaline. Tucker and Mather (1975) have studied the clearance of local anaesthetic drugs from the extradural space and report biphasic clearance of lignocaine with a half-time of about 20 min for lignocaine without adrenaline and 60 min for lignocaine with adrenaline. Twenty per cent of the injected dose remained after 4 h, with or without adrenaline.
In contrast with these observations, Aberg, Friberger and Sydnes, (1978) have recently reported that intradermal injections of tritiated mepivacaine had decayed to 25% of their initial injected radioactivity at only 10 min after injection and to less than 10% after 30 min. These results suggest rapid clearance of the injected depot and this need not be incompatible with the observed duration of anaesthesia, since the local anaesthetic may remain bound to its receptor site in the neuronal membrane after the extracellular pool has been removed. With two such conflicting studies, it would appear that there is scope for further research into the rate of decay of extravascular depots of local anaesthetic agents.
There is very little information on the effect of local anaesthetic drugs on wound healing, particularly with multiple injections. Morris and Tracey (1977) , who had gained the clinical impression that local anaesthetic agents impair wound healing, undertook a study of the effect of a single injection of lignocaine on wound healing in the rat. They found that the tensile strength of the skin wound was reduced at 5 and 7 days in a dose-related manner, and at each concentration of lignocaine the effect was slightly enhanced by adrenaline. The results of an earlier study by Nilsson and Wendeberg (1957) are not directly comparable, but suggest that a single injection of lignocaine 1% with adrenaline (1:200 000) reduces the tensile strength of wounds in comparison with saline. Bodvall and Rais (1962) also studied the effect of single injections of local anaesthetic on wound healing and found that, in the case of traumatized tissue, there was a marked reduction in the proportion of wounds healing by first intention, with frequent occurrence of dehiscence. The effect was worse when a vasoconstrictor was added. In nontraumatized tissue, tensile strength of the wounds was reduced only when a vasoconstrictor was added to the local anaesthetic. These studies suggest that wound healing might be markedly impaired by repeated instillation of local anaesthetic agents into an abdominal wound for control of pain after operation.
Gerwig, Thompson and Blades (1951) successfully controlled pain after cholecystectomy by instillation of 2% procaine 3 ml, every 3 h, through polythene tubes placed beneath the anterior rectus sheath in the abdominal wound. They reported "no interference with tissue repair". Lewis and Thompson (1953) undertook a similar study with instillation of procaine into the rectus sheath and found "no delay in healing or any evidence of wound infection".
The histotoxicity reported in this study, together with the unequivocal evidence of impaired healing following a single injection of lignocaine in the study of Morris and Tracey (1977) suggests that there is a prima facie case that repeated instillation of local anaesthetic agents into surgical wounds might cause interference with wound healing. Similar considerations might apply to prolongation of the action of local anaesthetics by admixture with dextran (Loder, 1960 (Loder, , 1962 .
Local anaesthetic dmgs are also administered by continuous i.v. injection to control cardiac arrhythmia. The maximum dose does not usually exceed 3 mg min" 1 of lignocaine and the rate of biotransformation should be sufficient to prevent cytotoxic concentrations accumulating in the body and, indeed, toxic effects on the cardiovascular and central nervous systems will probably limit dosage before cytotoxic concentrations are reached.
EFFETS CYTOTOXIQUES DE LA PROCAINE, DE LA LIGNOCAINE ET DE LA BUPIVACAINE
RESUME
On a etudie sur des cultures de fibroblastes de poumon de hampster chinois, les effets cytotoxiques de la procaine, de la lignocaine et de la bupivacaine. La croissance des cellules a ete moderee pendant des expositions de 24 h a l'aide d'un ED 50 de 0,17% pour la procaine, de 0,07% pour la lignocaine et de 0,02% pour la bupivacaine. La survie des cellules (mesuree suivant leur possibility de former des colonies) a ete diminuee pendant une exposition de 24 h a l'aide d'un ED M de 0,21% pour la procaine, de 0,09% pour la lignocaine et de 0,06% pour la bupivacaine. Parmi les changements morphologiques citons la vacuolisation, Parrondissement et la retraction des cellules de la surface sur laquelle les cellules se developpaient. La motilite a ete ramenee a environ 50% des valeurs temoins par la lignocaine a 0,1%. Lorsque Ton a retire les anesthesiques locaux, la croissance des cellules a repris apres environ 15 h sans qu'il y ait eu des preuves de dommages aux chromosomes. Les changements correspondants provoques par des inhalations d'agents anesthesiques ne se voient qu'a deux ou trois fois la concentration alveolaire minimale requise pour l'anesthesie. 
SUMARIO
Se investigaron los efectos citotoxicos ejercidos por lignocaina, procaina y bupivacaina sobre cultivos de fibroblastos pulmonares del hamster chino. El crecimiento de las celulas fue inhibido durante exposiciones de 24 h con un ED 50 de 0,17% para procaina, 0,07% para lignocaina y 0,02% para bupivacaina. La supervivencia celular (medida por su habilidad de former colonias) fue reducida durante la exposition de 24 h con un ED 50 de 0,21% para procaina, 0,09% para lignocaina y 0,06% para bupivacaina. Los cambios morfologicos incluyeron vacuolacion, redondeado y retraccion de celulas de la superficie sobre la cual las celulas crecian. La movilidad fue reducida a aproximadamente 50% de la de control por lignocaina 0,1%. Al removerse las anestesias locales, el crecimiento de las celulas fue resumido al cabo de aproximadamente 15 h sin que se presentara evidencia de dafio a los cromosomas. Los cambios correspondientes inducidos por anestesias de inhalation se producen solamente a dos o tres veces la concentration alveolar minima necesaria para anestesia.
